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ABSTRACT We identified neutralizing monoclonal antibodies against severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2) variants (including Omicron var-
iants BA.5 and BA.2.75) from individuals who received two doses of mRNA vaccina-
tion after they had been infected with the D614G virus. We named them MO1, MO2,
and MO3. Among them, MO1 showed particularly high neutralizing activity against
authentic variants: D614G, Delta, BA.1, BA.1.1, BA.2, BA.2.75, and BA.5. Furthermore,
MO1 suppressed BA.5 infection in hamsters. A structural analysis revealed that MO1
binds to the conserved epitope of seven variants, including Omicron variants BA.5
and BA.2.75, in the receptor-binding domain of the spike protein. MO1 targets an
epitope conserved among Omicron variants BA.1, BA.2, and BA.5 in a unique binding
mode. Our findings confirm that D614G-derived vaccination can induce neutralizing
antibodies that recognize the epitopes conserved among the SARS-CoV-2 variants.

IMPORTANCE Omicron variants of SARS-CoV-2 acquired escape ability from host im-
munity and authorized antibody therapeutics and thereby have been spreading world-
wide. We reported that patients infected with an early SARS-CoV-2 variant, D614G, and
who received subsequent two-dose mRNA vaccination have high neutralizing antibody
titer against Omicron lineages. It was speculated that the patients have neutralizing
antibodies broadly effective against SARS-CoV-2 variants by targeting common epi-
topes. Here, we explored human monoclonal antibodies from B cells of the patients.
One of the monoclonal antibodies, named MO1, showed high potency against broad
SARS-CoV-2 variants including BA.2.75 and BA.5 variants. The results prove that mono-
clonal antibodies that have common neutralizing epitopes among several Omicrons
were produced in patients infected with D614G and who received mRNA vaccination.

KEYWORDS severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2), Omicron
variants, human monoclonal antibody, broad neutralizing activity, spike, receptor-
binding domain, cryoelectron microscopy, common epitope, vaccine

Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) caused the devastating co-
ronavirus disease 2019 (COVID-19) pandemic that began in late 2019; as of 15 February

2023, SARS-CoV-2 had infected over 750 million people worldwide and is responsible for
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more than 6.8 million deaths (https://covid19.who.int/). The Omicron variant (BA.1; B.1.1.529)
of SARS-CoV-2 was first reported in South Africa in November 2021 and quickly spread
thereafter (https://www.cdc.gov/coronavirus/2019-ncov/variants/Omicron-variant.html)
(1). The spread of the Omicron variant caused a further increase in COVID-19 infections,
and the Omicron BA.5 variant in particular has spread worldwide (2). Furthermore, sev-
eral new variants have appeared all over the world. BQ.1 and BQ.1.1 variants are subli-
neages of BA.5, first reported in Nigeria in July 2022. XBB variant is recombinant of BA.2.10.1
and BA.2.75, and XBB.1.5 has an additional F486P mutation (3). WHO is tracking four subvar-
iants of BF.7, BQ.1, BA.2.75, and XBB under monitoring as of 16 January 2023 (https://www
.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---19-january-2023;
19 January 2023). BQ and XBB subvariants have been reported to have an immune eva-
sion capacity higher than BA.5 in mRNA-vaccinated patients (4). We and other research
groups have shown that three doses of the mRNA vaccine can protect individuals
against the BA.1 and BA.2 variants of SARS-CoV-2 (5–7). We have also observed that neu-
tralizing antibodies against BA.1 increased in the sera of individuals who received a two-
dose mRNA vaccine after having been infected with D614G SARS-CoV-2 (8). We therefore
screened those individuals’ B cells, as we suspected that it is possible that multiply chal-
lenged B cells could produce antibodies that have broad neutralizing activity against
SARS-CoV-2 variants including Omicrons. In the present study, we identified a monoclo-
nal antibody (MAb), “MO1,” that is broadly effective against SARS-CoV-2 variants includ-
ing Omicron BA.5; this MAb has structural features and binding sites that differ from
those of all other MAbs against SARS-CoV-2 reported to date.

RESULTS
B cells that produce antibodies with broad neutralizing activity against SARS-

CoV-2 were obtained from the peripheral blood mononuclear cells of SARS-CoV-
2-infected and subsequently two-dose-vaccinated patients. We performed the fol-
lowing experiments to identify human-neutralizing antibodies that could recognize
epitopes conserved among all the variants ever identified. To this end, we performed a
series of experiments as summarized in Fig. 1. To isolate MAbs targeting common epi-
topes of SARS-CoV-2 variants, we searched for antibody genes from peripheral blood
mononuclear cells (PBMCs) of infected and subsequently vaccinated patients (Table 1).
We used PBMCs isolated from three patients who showed 256 or higher neutralizing
titers against the D614G, Delta, and Omicron BA.1 variants as previously reported (8). In
the present study, single B cells were isolated from a mixture of the PBMCs of three
patients, and fragments antigen binding (Fabs) derived from the antibody variable
region genes of each single cell were screened by enzyme-linked immunosorbent assay
(ELISA) (see Fig. 1, step 3) using the Ecobody technology (9). The top 10 candidates were
selected based on their reactivity to the spike antigen (Fig. S1 in the supplemental mate-
rial). The 10 selected variable region genes were used to make recombinant immuno-
globulin (IgG) expression constructs, and expressed MAbs were purified for the following
analysis. The 10 MAbs were examined for neutralizing activity, and we identified the
three (which we named MO1, MO2, and MO3) that showed neutralizing activity against
the Omicron BA.1 variant. The VH/VL gene pairs of MO1, MO2, and MO3 were as follows:
MO1: IGHV3-9*01/IGKV1-9*01, MO2: IGHV3-11*05/IGKV3-15*01, and MO3: IGHV3-30*18/
IGKV1-33*01.

Broadly neutralizing MAbs against SARS-CoV-2 variants. As depicted in Fig. 2
and Fig. S2, we observed that the three selected neutralizing MAbs for D614G, i.e., MO1,
MO2, and MO3, recognized the SARS-CoV-2 spike protein of D614G. MO1 recognized the
spike protein of nine variants: D614G, Delta, BA.1, BA.1.1, BA.2, BA.2.75, BA.5, BA.4.6, or
BF.7. MO2 recognized the spike protein of six of these variants (not BA.5, BA.4.6, and BF.7).
MO3 recognized five of the variants (not Delta, BA.5, BA.4.6, or BF.7). We next assessed
whether these three MAbs had neutralizing activity against SARS-CoV-2 variants. As shown
in Fig. 2B to D, the MAb MO1 inhibited all variants examined in this study (D614G, Delta,
BA.1, BA.1.1, BA.2, BA.5, and BA.2.75) with the following IC50 values: D614G (23.62 ng/mL),
Delta (15.84 ng/mL), BA.1 (4.0 ng/mL), BA.1.1 (10.64 ng/mL), BA.2 (20.31 ng/mL), BA.5
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(15.67 ng/mL), and BA.2.75 (14.1 ng/mL). MO2 inhibited six variants (BA.5 was the excep-
tion), with the following IC50 values: D614G (65.81 ng/mL), Delta (88.24 ng/mL), BA.1
(17.71 ng/mL), BA.1.1 (36.05 ng/mL), BA.2 (151.2 ng/mL), and BA.2.75 (132.5 ng/mL).
MO3 suppressed three variants (Delta and BA.5 were the exceptions; neutralizing activity
against BA.1.1 and BA.2.75 were not determined), with the following IC50 values: D614G
(231.57 ng/mL), BA.1 (594.63 ng/mL), and BA.2 (701.95 ng/mL). However, MO1, MO2, and
MO3 could not recognize the spike of BQ.1.1 variant in the ELISA, indicating that the rec-
ognition sites of the MAbs were mutated (Fig. S2 and S6). In addition, MO1 lost neutraliz-
ing activity against BQ.1.1 and XBB.1 (Fig. 2B).

The neutralizing MAb MO1 has a high affinity against the SARS-CoV-2 BA.5
spike protein. Next, the affinities of both MO1 and MO2 MAbs with the SARS-CoV-2
BA.2 spike protein were evaluated by the biolayer interferometry (BLI) method. We

TABLE 1 Selected PBMCs from the patients who showed high neutralizing activity against SARS-CoV-2-infected

Age Sex Severity
Time of
infection

Months from onset
to 2 doses of vaccine

Months from onset
to blood collection

Neutralizing antibody
titera

D614G Delta BA.1
Donor 1 45 Female Mild July 2020 12 13 2048 1024 512
Donor 2 57 Male Severe October 2020 9 12 1024 256 256
Donor 3 51 Male Severe November 2020 10 12 512 512 256
aThe neutralizing antibody titer is defined as the maximum serum dilution rate at which no cytopathic effect was observed for virus infection using 100 TCID50 (50% tissue
culture infectious dose) under the condition described previously (8, 28).

FIG 1 Flow chart of experimental procedures for the neutralizing antibody analysis in this study. (1) PBMCs isolated from three patients who
showed high neutralizing activity for Omicron BA.1 (Table 1), were selected, mixed, and used for the study. (2) Memory B cells were isolated
from the PBMCs, sorted by fluorescently labeled spike antigen, and then dispensed as single cells. (3) Antibody variable region genes amplified
from each single cell were used to express fragment antigen binding (Fab) according to the protocol of the Ecobody technology (9). Each Fab
was tested for reactivity against spike antigens by ELISA, and the top 10 candidates were selected based on the results. (4) The antibody
variable region genes were used to construct recombinant IgG antibody expression plasmids. Each MAb secreted from culture cells transfected
by the plasmids was purified for subsequent analysis. (5) 10 MAbs were subjected to the neutralization assay against the SARS-CoV-2 Omicron
BA.1, and were labeled MO1 to MO10 according to the potency. Only three antibodies (MO1, MO2, and MO3) showed neutralizing activity
against BA.1; therefore, these 3 antibodies were further analyzed. (6) Reactivities of MO1, MO2, and MO3 to spike antigen from several variants
were evaluated by ELISA. (7) The neutralizing activities of MO1, MO2, and MO3 were quantitatively evaluated by a plaque reduction
neutralizing test. (8) The affinity of MO1 and MO2 to the spike receptor binding domain (RBD) was analyzed by biolayer interferometry assay.
(9) The best neutralizing antibody, MO1, was subjected to cryo-EM to analyze the binding mode to the spike antigen. (10) Spike residues at the
MO1-binding site were examined for their importance by ELISA using mutant spike proteins. (11) Animal challenge experiment was performed
to evaluate the neutralizing activities of MO1, MO2, and MO3 against Omicron BA.5 in a hamster infection model.
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FIG 2 Identification of broadly neutralizing MAbs against SARS-CoV-2 variants. (A) The binding of three MAbs to the SARS-CoV-2 spike ectodomains of the
D614G, Delta, BA.1, BA.2, BA.5, and BA.2.75 variants as revealed by respective ELISAs. (B) The neutralizing activity of MAbs MO1, MO2, and MO3 against
D614G, Delta, BA.1, BA.1.1, BA.2, BA.5, BA.2.75, BQ.1.1, or XBB.1 as evaluated by the plaque reduction neutralization test (PRNT). (C) The 50% inhibitory
concentrations (IC50) of MAbs MO1, MO2, and MO3 against the SARS-CoV-2 variants calculated from the above neutralization data (B) are shown. (D) A
presentation of plaque reduction in MO1’s PRNT test against BA.5.

Neutralizing Antibodies for Variants of SARS-CoV-2 Journal of Virology

June 2023 Volume 97 Issue 6 10.1128/jvi.00286-23 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
05

 A
ug

us
t 2

02
3 

by
 1

33
.3

0.
19

1.
16

.

A 

B 
120 

100 
C 
0 
ij80 
.!::! 
~60 
=i 
~40 
~ 0 

20 

0 

-20 

C 

1.6 

1.4 

E12 
C 1 
l{) 

~08 
;;-o 6 
00.4 

02 
0 

0.8 

0.7 
E 0.6 
C 
l{) 0.5 
~ 0.4 
0 0.3 
O 0.2 

0.1 

0 

0.1 

D614G 
1.6 

1.4 

E1 .2 

~1 
~08 
;;-o 6 

00.4 

0.2 

10 100 1000 10000 
Antibody (ng/ml) 

BA.2 

Eo8 
C 

:g O 6 
'<I" 
;;- 0.4 
0 

0.2 

10 100 1000 10000 
Antibody (ng/ml) 

M01 --D614G 

---Delta 

-+-BA.1 

---BA.1 .1 

_._ BA.2 

-+-BA.5 

---BA.2.75 

_._XBB.1 

-+-BQ.1 .1 

10 100 1000 10000 

120 

100 
C 
.Q 80 
ro 
~ 60 
ro 
~ 40 
<I) 

~ 20 
0 

0 

-20 

-40 
0 .1 

Antibody (ng/ml) 

IC50 (ng ml-1) 

O614G Delta BA.1 

MO1 23.62 15.84 4.00 

MO2 65.81 88.24 17.71 

MO3 231 .57 594.63 

Delta 

Eo.8 
C 
l{) 0.6 
0 

::!-0.4 
0 
O 0.2 

10 100 1000 10000 
Antibody (ng/ml) 

BA.5 12 

~1 
E 
C 0.8 
l{) 

~ 06 

0 0.4 
0 

02 

BA.1 

10 1 00 1000 10000 
Antibody (ng/ml) 

BA.2.75 

0-1-,~~~~~~~~~ 

10 100 1000 10000 
Antibody (ng/ml) 

M02 120 

100 
C 
.Q 80 
ro 
~ 60 
ro 
~ 40 
<I) 

~ 20 
0 

0 

-20 

10 100 1000 10000 
Antibody (ng/ml) 

M03 

40 +-T~~~~~~~~~-
1 10 100 1 000 1 0000 0. 1 1 10 100 1000 10000 

Antibody (ng/ml) Antibody (ng/ml) 

BA.1 .1 BA.2 BA.5 BA.2.75 

10.64 20.31 15.67 14.07 

36 .05 151 .20 132.48 

* ND 701 .95 * ND 

* ND : Not determined 

D M01 0 156.3 625 2500 

BA. 5 

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00286-23


assumed that these MAbs target the receptor-binding domain (RBD) of the spike pro-
tein and analyzed the interaction kinetics between the MAbs on the sensor tip and
RBD in the solvent. Both MO1 and MO2 showed a high affinity with the BA.2 spike
RBD, with the dissociation constants (KD) of 3.3 nM and 2.0 nM, respectively (Fig. 3A
and C). MO1 also had a high affinity with the BA.5 spike RBD, with a KD of 11 nM (Fig.
3B and C), whereas MO2 showed no binding to the BA.5 spike RBD, which is consistent
with its lack of neutralizing activity for BA.5.

To investigate the neutralizing mechanism of MO1 and MO2, a competition assay
on spike binding between the antibodies and the receptor of SARS-CoV-2, that is,
human angiotensin-converting enzyme 2 (ACE2), was performed. The binding of both
MO1 and MO2 to the BA.2 RBD was suppressed when ACE2 was mixed with BA.2 spike
RBD, indicating a competition between these antibodies and hACE2 (Fig. 3D). A non-
neutralizing antibody MO7 binds to BA.2 spike RBD and showed an increased response
when RBD is mixed with ACE2, indicating MO7’s ability to bind to the RBD-hACE2 com-
plex without competition (Fig. 3D).

Recognition of the conserved epitope by neutralizing MAb MO1 was revealed
by cryoelectron microscopy.We performed a cryoelectron microscopy (cryo-EM) anal-
ysis to investigate the target sites and binding mode of MAb MO1. The prefusion-stabi-
lized BA.1 spike ectodomain and Fab domain of MO1 were copurified by chromatography

FIG 3 Analysis of the affinity between the three MAbs and spike antigens by biolayer interferometry (BLI). (A) The sensorgram for the
BA.2 spike RBD’s binding to the MAb MO1 or MO2. Dashed lines: the fitting curves. (B) The same BLI analysis as in panel A between
the BA.5 spike RBD and MO1. (C) Summary of the BLI kinetics evaluated from the curve fitting. (D) Competition between MAbs and
human ACE. A nonneutralizing antibody MO7 was used as a competition-negative control.
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(Fig. S3) and used for the analysis. The cryo-EM density map for the MO1-Fab complex
was obtained at 2.7-Å global resolution (Fig. 4A and B; Fig. S4C to E). Three MO1 Fabs
were interpretable in the map of the conformation 2 of the three observed conformations
with the best sphericity in the three-dimensional (3D) FSC analysis (Fig. S4C and S5), bind-
ing to one “up” and two “down” RBDs. The identity of the Fab that bound to the up RBD
was not entirely clear compared to the other two down-binding Fabs, probably due to
the movable nature of the RBD conformation; thus, the following observations were
based on the Fabs bound to the down RBDs.

FIG 4 The binding mode of MAb MO1 with the BA.1 spike trimer. (A and B) The cryo-EM density map (A) and of the atomic model (B) of the
MO1 Fab and prefusion BA.1 spike trimer. The coloring is as follows. MO1 heavy chain, orange; light chain, yellow; spike RBD, cyan; spike NTD,
and S2, green. (C) Map of the Omicron BA.1 or BA.2 mutation sites on the RBD viewed from the MO1 binding site. The Omicron BA.5 mutations
F486V and L452R, and Omicron BA.1.1 mutation R346K are also indicated. (D) The residues involved in the MO1 footprint are yellow. The view is
the same as that in panel C. (E) The MO1 binding mode on the RBD. The left image is the same view as in panel C and D. (F to I) Notable
interactions between MO1 and the RBD at the interface. Three-dimensional arrangements of the protein residues (top) and their schematic
illustrations (bottom) are shown.
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MO1 binds near the “right shoulder” (10) of the spike RBD (Fig. 4A) as do other anti-
bodies such as S309 (11). Although the number of mutations on this face of the RBD is
relatively small, several such mutations are present in the Omicron variants, especially
in the BA.5 variant (Fig. 4C). Nonetheless, the MO1 footprint on the RBD neatly avoids
the mutation sites, except for the R346 and K440 sites at the outer rim (Fig. 4C to E;
Fig. S6). The complementarity determining region (CDR) H3 of the MO1 heavy chain is
positioned close to the loops 344 to 349 and 442 to 452 of RBD, and the CDRs H1, H2,
L1, and L3 surround the contact site. The footprint of MO1 is compact with a moderate
buried surface area (638 Å2) and high shape complementarity (0.746) (12). The foot-
print does not overlap the area of the ACE2-binding site (Fig. S7A) (13). A simulation
model of the Spike RBD/ACE2/MO1 tertiary complex indicates that MO1 binds to RBD
without large steric hindrance with ACE2, although the glycan at residue N53 of ACE2
makes slight contact with the L chain of MO1 (Fig. S7B).

The interactions that we observed between MO1 and the RBD are illustrated in Fig.
4F to I and summarized in Table 2 with information about the conservation among the
major SARS-CoV-2 strains. All of the residues in the footprint were conserved among
the major SARS-CoV-2 variants with the exceptions of N440K found in Omicron variants
and R346K and R346T in the BA.1.1 and BA.4.6/BF.7 variants, respectively. The N440K
mutation site of the BA.1 spike is located near the F100D of the MO1 heavy chain, but
the N440K sidechain extends in a direction away from the MO1-spike interface (Fig. 4I
and Table 2). Thus, it seems reasonable that the amino acid change, N440K of Omicron
variants at this position, has little effect on the MO1 binding. Notably, the R346 of the
RBD is located near the sidechain of W52A of MO1, implying an interaction via cation–
pi stacking between R346 and W52A (Fig. 4F). In addition, the MO1 heavy-chain resi-
dues Y98, D30, and D31 had the sidechains near the R346 of the RBD.

We analyzed the contributions of the possible epitope residues, i.e., T345, R346,
K440, D442, K444, V445, N448, N450, and Y451, in the MO1 footprint by using site-
directed alanine mutations of the BA.1 spike ectodomain. As shown in Fig. 5A, the anti-
gen reactivity of MO1 was tested by ELISA, and a reduction of reactivity was observed
for the R346A and N448A mutant antigens; MO1 clearly reacted to the spike with other
substitutions. In summary, the antibody MO1 recognizes R346 and N448 as key con-
tacts (Fig. 5B).

TABLE 2 SARS-CoV-2 spike RBD residues involved in the footprinta of the MO1

WT spike residues
Conservation among
SARS-CoV-2 variants

MO1 residues
located nearbyc

Possible
interaction Note Figure

T345 Conserved D31 H, Y98 H Van der Waals Fig. 4F
R346 K in BA.1.1 W52A H Cation-pi Fig. 4F

T in BA.4.6, BF.7, Y98 H Van der Waals
BQ.1.1, and XBB.1 D30 H, D31 H Electrostatic

N439 Conserved F100D H Van der Waals N439 sidechain faces away from the
antibody

Fig. 4I

N440b K in Omicron variants F100D H Van der Waals Fig. 4I
L441 Conserved L100E H Van der Waals L441 sidechain faces away from the

antibody
Fig. 4H

D442 Conserved Y98 H Van der Waals Fig. 4H
S443 Conserved F100D H Van der Waals S443 sidechain faces away from the

antibody
Fig. 4I

K444 T in BQ.1 and BQ.1.1 D56 H Electrostatic Fig. 4G
P100A H Van der Waals

V445 P in XBB.1 Y32 L, Y92 L Van der Waals Fig. 4I
N448 Conserved Y98 H Hydrogen bond Fig. 4H
N450 Conserved N53 H, D99 H, W52A H Hydrogen bond Fig. 4G
Y451 Conserved Y98 H Van der Waals Fig. 4H
P499 Conserved Y32 L, F100DH Van der Waals Fig. 4I
aThe footprint is defined as the residues that contain atoms within 4 Å from atoms of the MAb MO1.
bThe BA.1 cryoEM structure contains the N440K mutation.
cThe subscripts are used for Kabat numbering of antibody residues and the subscripts H or L represent heavy chain or light chain, respectively.

Neutralizing Antibodies for Variants of SARS-CoV-2 Journal of Virology

June 2023 Volume 97 Issue 6 10.1128/jvi.00286-23 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
05

 A
ug

us
t 2

02
3 

by
 1

33
.3

0.
19

1.
16

.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00286-23


The neutralizing MAb MO1 effectively neutralizes Omicron BA.5 in vivo. Syrian
hamsters have been used to evaluate the efficacies of monoclonal antibodies against
SARS-CoV-2 (14). To evaluate the efficacy of the MO1 antibody in vivo, we evaluated
the effect of passive immunization with MO1 and its isotype controls, MO2 and MO3,
at preventing infection with SARS-CoV-2 omicron subvariant BA.5 in hamsters. The ex-
perimental scheme is shown in Fig. 6A. The weights of MO1-administered hamsters
did not decrease without infection, so there was no apparent toxicity of this antibody
(Fig. 6B). After the viral challenge, MO2- or MO3-administered hamsters lost significant
body weight, unlike mock-treated hamsters. On the other hand, no significant weight
loss was observed in MO1-inoculated hamsters (Fig. 6C). Furthermore, infectious
viruses in lung homogenates and nasal wash specimens were significantly reduced in
hamsters treated with MO1 antibodies compared to those in MO2- or MO3-treated

FIG 5 MO1 recognized R346 and N448 as key epitopes. (A) Binding of MO1 to T345, R346, K440, D442, K444, V445, N448, N450, and Y451 was analyzed by ELISA
using site-specific alanine mutations in the BA.1 spike ectodomain. (B) Summarized results of site-specific alanine mutations in the BA.1 spike ectodomain.
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hamsters (Fig. 6D and E). These results suggest that the MO1 antibody is effective
against the SARS-CoV-2 omicron subvariant BA.5 in vivo without toxicity.

DISCUSSION

The emergence of SARS-CoV-2 variants has prolonged the COVID-19 pandemic. The
neutralizing MAb that we identified in the present study and named MO1 has strong

FIG 6 (A) Schematic representation of the evaluation of the toxicity and efficacy of monoclonal antibodies in vivo. (B) The weight changes of
hamsters after MO1 administration (n = 5) or mock treatment (n = 5). The averages of weight changes were plotted with symbols, and error
bars represent SDs. Two-way ANOVA analysis was performed for statistical analysis (n.s.: not significant). (C) The weight changes after
challenge with SARS-CoV-2 omicron subvariant BA.5 to hamsters administered monoclonal antibodies (n = 10). The average weight changes
are plotted with symbols, and error bars represent SDs. Two-way ANOVA analysis was performed for statistical analysis to compare to mock-
treated hamsters (n = 5, identical to the data shown in Fig. 6B; n.s., not significant; ***, P , 0.001; ****, P , 0.0001). (D and E) Infectious virus
titers in lung homogenates (D) and nasal wash specimens (E) at 4 days postinfection. The individual viral titers are represented with symbols.
Medians are shown with bars and 95% CIs are indicated with error bars. The limit of detections was 101.5 PFU/g (D) and 101.3 PFU/mL (E),
respectively. One-way ANOVA analysis was used for statistical analysis after logarithmic conversion, and Tukey’s test was used as a post hoc
analysis (n.s., not significant; *, P , 0.05; **, P , 0.01; ****, P , 0.0001).
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neutralizing potency against SARS-CoV-2 variants including the Omicron BA.5 variant.
The Omicron variants BA.1 and BA.2 are able to escape from the majority of the known
neutralizing antibodies (15, 16); meanwhile, the escape ability of BA.5 is strengthened
by additional mutations such as F486V around the binding site of class 1 antibodies
and the mutation site L452R around the binding site of class 3 antibodies (17). Indeed,
the neutralizing antibody MO2 identified herein, which can strongly neutralize both
BA.1 and BA.2, lacked neutralizing activity for BA.5. In contrast, MO1 (which recognizes
the conserved epitopes among SARS-CoV-2 variants) has maintained its neutralizing
activity against BA.5 and the conserved epitopes by avoiding the position of the L452R
mutation site, accounting for this antibody’s broad neutralizing activity.

MO1 does not share the footprint on RBD with ACE2 (Fig. 4; Fig. S7A). A simulation
model indicated that there is no large overlap between MO1 and ACE2 on the RBD;
however, a slight contact at the glycan of ACE2 N53 is possible (Fig. S7B). The BLI com-
petition assay indicated that MO1 and ACE2 do not bind to RBD simultaneously (Fig.
3D). Thus, it is suggested that the binding of Spike to the ACE2 is interfered with due
to the steric clash at the glycan if MO1 occupies its binding site. A simulation model
extending the N53 glycan (Fig. S7C and D), which is more natural for ACE2 molecules,
showed an obvious steric clash with MO1 light chain, supporting the assumption
about competition. Because the MO1 biding site is similar to the binding sites of class
3 antibodies, which neutralize SARS-CoV-2 without inhibiting the Spike-ACE2 interac-
tion, MO1 may also have other mechanisms of neutralization, i.e., steric hindrance or
aggregation of virions or inhibition of an undefined step, as suggested for the MAb
sotrovimab developed from the antibody S309 (https://www.fda.gov/media/149534/
download) (11).

It has been reported that the antibodies bebtelovimab (LY-CoV1404; reference 16)
and cilgavimab (AZD1061; reference 18) have neutralizing activity against Omicron
BA.1, BA.2, and BA.5 and that cilgavimab showed reduced activity against BA.5 (19).
The binding affinity and neutralizing function of MO1 against BA.5 are high (Fig. 2 and
3). Interestingly, both have a different but overlapping footprint with MO1 (Fig. S8).
Because the right shoulder of the RBD is distant from both the key mutation site L452R
and the F486V site of the Omicron BA.5 variant, it is reasonable that broadly neutraliz-
ing antibodies that are effective against variants up to BA.5 target this area of the RBD.
Both bebtelovimab and cilgavimab are class 2 antibodies that block the ACE2 binding
by covering that footprint (16, 18) (Fig. S8), and MO1 also inhibits spike-ACE2 interac-
tion as discussed above. One of the recently reported BA.5 neutralizing antibodies,
002-S21F2, also binds to overlapping site on RBD (20), suggesting a common target
site for antibodies for effective neutralization against the BA.5 variant.

Other antibodies that have been reported to recognize a location of the RBD that is
similar to that recognized by MO1 have different binding modes from that of MO1, as
none of them has an identical set of residues to MO1 in the footprint on RBD (Fig. S9).
The VH/VL gene pair of MO1, IGHV3-9*01/IGKV1-9*01, is not shared with these antibod-
ies (Table S2) and with reported antibodies including the 002-S21F2, bebtelvimab, cil-
gavimab, and so on (20). Thus, it is suggested that MO1 is a broadly effective neutraliz-
ing antibody with a unique sequence and structure to recognize the shared target site
on the RBD.

The spike residue R346 is a key residue for MO1 to recognize (Table 2 and Fig. 5), and
most of the other antibodies targeting similar sites on the RBD also include R346 in their
footprint (Fig. S9A). One of the major variants, Omicron BA.1.1, which has also spread
worldwide (21), contains an R346K mutation, but MO1 can potently neutralize this variant
(Fig. 2). Isolation of the broadly neutralizing MAbs in this study may explain the insubstan-
tial effect of the R346K mutation for virus neutralization sensitivity against sera from vacci-
nated people (22). Of note, the next variants BA.4.6 and BF.7, which emerged as the threat
(https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports),
both possess an R346T mutation in the spike in addition to the BA.5 mutations (see
Fig. S6). Despite the mutation at the epitope residue, MO1 recognized the SARS-CoV-2
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spike protein of BA.4.6 and BF.7 (Fig. S2). However, unfortunately, MO1 did not neutral-
ize the new Omicrons, BQ.1.1 and XBB.1, which have mutations in the recognition sites
that emerged during the manuscript submission. It has been reported that bebtelovi-
mab was also unable to neutralize these Omicrons (23). BQ.1.1 and XBB.1 have two
mutations in the MO1 recognition site, R346T and K444T for BQ.1.1 and R346T and
V445P for XBB.1. These mutations are assumed to cause MO1 to lose its binding ability
and neutralizing activity. The momentum of the virus evolution is amazing, and it is
splendidly avoiding immunity. However, not a few neutralizing antibodies against these
variants were present in the individuals’ sera in this study (data not shown), and it cannot
be said that the viruses completely evade immunity. Further screening may find mono-
clonal antibodies capable of neutralizing these variants. In addition, so far, the BA.5 line-
age is the mainstream in our country, Japan as of 11 January 2023 (Current Situation of
Infection, 11 January 2023, https://www.niid.go.jp/niid/en/2019-ncov-e/11761-covid19
-ab113th-en.html), and different BA5-derived derivatives may become prevalent in the
future. MO1 may also have an effect if the other subtypes occur. The MAbs that can neu-
tralize the new variants may be obtained in those individuals by further screening. We
are currently working on it.

MO1 is derived from PBMCs of individuals who were infected with a SARS-CoV-2 vari-
ant, presumably the D614G with only the D614G mutation in the spike, and then
received two doses of an mRNA vaccine encoding the spike gene of the ancestral SARS-
CoV-2 (8). Our finding that MO1 can broadly neutralize the early SARS-CoV-2 variants and
the Omicron BA.1, BA.1.1, BA.2, and BA.5 variants demonstrates that immunity against
the spike with the ancestral SARS-CoV-2 RBD sequence can protect humans by inducing
neutralizing antibodies, like MO1, that recognize conserved epitopes. Indeed, our sero-
logical study regarding the sustainability of the neutralizing antibodies after early SARS-
CoV-2 (D614G) infection indicated that cross-reactive neutralizing antibodies are sus-
tained for .6 months, although neutralizing antibodies specific for SARS-CoV-2 (D614G)
decline (8, 24). It is also noteworthy that the booster dose (third-dose) vaccination using
the mRNA vaccine based on D614G SARS-CoV-2 can induce neutralizing antibodies
against Omicron BA.1 and BA.2 (6, 7). Because MO1 recognizes a common epitope in the
spike proteins of SARS-CoV-2 virus and vaccine, it is possible that infection resulted in
MO1 antibody-producing B cells that were boosted by vaccination.

The conserved epitope recognized by MO1 demonstrates that room for target sites
remains available for neutralizing antibodies and the key task to developing effective im-
munity against a broad range of SARS-CoV-2 variants is to determine how to effectively
induce antibodies against this conserved epitope. One of our previous studies revealed
that patients who were infected with D614G SARS-CoV-2 and then received a two-dose
mRNA vaccination acquired high neutralizing antibody titers against Omicron BA.1 (8), and
the neutralizing antibodies that were isolated in the present study were derived from
donors with this background. Repeated exposure to the SARS-CoV-2 spike protein, irre-
spective of the variation in the sequence, may induce broadly neutralizing antibodies.

Cao et al. (17) reported that BA.1-derived vaccine boosters may not achieve broad-spec-
trum protection against new Omicron variants because Omicron may evolve mutations to
evade the humoral immunity elicited by BA.1. In addition, all neutralizing antibodies, MO1,
MO2, and MO3, obtained in this study were found to be able to neutralize the BA.2.75 vari-
ant (Fig. 2) which has some unique mutations (24). The MO1 epitope is conserved in the
BA.2.75 variant explaining for the susceptibility of this variant (Fig. S6).

Our present findings demonstrate that the booster vaccination for the D614G can
induce neutralizing antibodies that recognize common epitopes that are conserved
among SARS-CoV-2 variants up to BA.5. It can also be speculated that a three- or four-
dose vaccination based on the D614G may stimulate memory B cells that can produce
antibodies that have common epitopes conserved, showing broad neutralizing activity,
and that booster vaccinations should thus be required even for previously infected
individuals.
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MATERIALS ANDMETHODS
Collection of human samples. Blood samples were collected at Hyogo Prefectural Kakogawa Medical

Center (Kakogawa, Japan) from patients who were infected with COVID-19 during the 5-month period of July
to November 2020 and then received a two-dose messenger (m)RNA vaccine. Patients whose COVID-19
onset occurred during this period were infected mainly with the D614G variant of SARS-CoV-2, according to
the epidemiological data in the Japan Variant Report (https://outbreak.info/location-reports?loc=JPN). For
each of the patient’s samples, sera and PBMCs were separated. In our earlier investigation (8), we identified
the sera that had high neutralizing activity against SARS-CoV-2, and in the present study we used those
patients’ (donors’) sera and data.

Isolation of human antibodies’ genes from the donors’ PBMCs. Isolation of human antibody
genes from the above-described donor PBMCs was performed according to the protocols of Ecobody
technology (9) (iBody inc, Nagoya, Japan). Briefly, the recombinant SARS-CoV-2 spike protein was fluo-
rescently labeled with Alexa Fluor 633 NHS ester (succinimidyl ester) according to the manufacturer’s
protocol (ThermoFisher Scientific) and employing the labeled protein, memory B cells expressing anti-
SARS-CoV-2 spike MAbs were screened and sorted as single cells by FACS SH800S (Sony, Japan).
Antibody variable region genes of the light chain and heavy chain were PCR amplified from the cDNA of
each single cell and used to make Fab expression construct for Escherichia coli cell-free protein synthesis
(PUREfrex 2.0, GeneFrontier, Japan). The translation mixture was diluted with Block ACE solution (KAC,
Japan), and the reactivity against the spike antigen was tested for each expressed Fab by ELISA. The 10
candidates that showed the highest reactivities were selected for the subsequent analyses.

The sequences of the selected antibody variable region genes were determined by the Sanger
method and then subcloned into human IgG MAb-expressing vectors as follows. The heavy-chain and
light-chain V-region sequences were amplified. With the use of the EcoRI-XhoI sites and EcoRI-BsiWI
sites, the sequences were then inserted into the pFUSEss-CHIg-hG1 and pFUSE2ss-CLIg-hK expression
vectors (InvivoGen, San Diego, CA), respectively. We used a capillary electrophoresis (CE) sequencer
(model DS3000, Hitachi High-Tech, Tokyo) to confirm the sequences. This study was approved by the
ethical committees of Kobe University Graduate School of Medicine (approval code: B200200).

Antibody expression and purification. With polyethyleneimine and the two plasmids containing
the heavy-chain and light-chain sequences of the antibodies, recombinant MAbs were expressed in
HEK293T (human kidney) cells by transfection. The cells were cultured in 10% FBS (fetal bovine serum)
and added to Dulbecco’s modified Eagle’s medium (DMEM) for 3 days in a CO2 incubator (5% CO2) main-
tained at 37°C. The Expi293F Expression System (Thermo Fisher Scientific) was also used to express
MAbs, in accordance with the manufacturer's protocol.

For the purification of the antibodies, we added rProtein A Sepharose (Cytiva, Marlborough, MA) to
the culture supernatant, and the mixture was gently rocked for 10 to 12 h at 4°C. The resulting resin was
then centrifuged at 500 � g at 4°C for 5 min and subsequently washed with cold phosphate-buffered sa-
line (PBS) five times. The trapped MAbs were eluted with sodium citrate buffer (i.e., 40 mM trisodium ci-
trate, pH 3.4). The solution was then immediately neutralized to ;pH 7.0 by the addition of 1 M Tris-HCl
buffer.

Ultrafiltration with an Amicon Ultra centrifugal filter (Sigma Chemicals, St. Louis, MO) with the molec-
ular-weight cutoff of 50,000 Da was conducted to replace the solvent with PBS, and each MAb was con-
centrated. We performed sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to
determine the purity of each MAb, and we used a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA) to determine the concentration of each antibody.

Plasmid construction and the expression of SARS-CoV-2 spike proteins. One of our earlier stud-
ies describes the preparation of the prefusion spike ectodomain with the D614G mutation (24). Briefly,
to express the prefusion-stabilized spike ectodomain trimer, we used the plasmid pCAGGS (25) that
codes the amino acid (aa) residues of spike 1 to 1213 including the mutations D614G, R682del, R683del,
R685del, F817P, A892P, A899P, A942P, K986P, and V987P (26). This construct also contains a T4 foldon
sequence and a His6 tag at the C-terminal side. We used an overlap PCR to prepare the spike ectodomain
with the Delta mutations. The GeneArt Gene Synthesis service (Thermo Fisher Scientific) synthesized the
spike sequences of Omicron BA.1 and BA.2; the BA.1.1 sequence was prepared by an overlap PCR based
on the BA.1 sequence. The BA.2.75, BA.5, BA.4.6, BF.7, and BQ.1.1 sequences were prepared based on
the BA.2 sequence. In the present study, we defined the RBD of the spike as residues 334 to 528.

Next, each variant’s RBD coding sequence was subcloned into plasmid pCAGGS with the spike signal
sequence at the N-terminal side and the His6 tag at the C-terminal side. Overlap PCRs were performed to
achieve site-directed substitutions. All sequences were confirmed by the DS3000 CE sequencer men-
tioned above. The spike ectodomain or the RBD was expressed in HEK293T cells or the Expi293F expres-
sion system mentioned above. The culture supernatants were collected at 4 to 5 days posttransfection.
The affinity chromatography matrix nickel-charged nitriloacetic acid (Ni-NTA) agarose (Qiagen, Hilden,
Germany) was used to purify the target proteins. After a protein was concentrated by an Amicon Ultra
centrifugal filter, its purity was evaluated by SDS-PAGE, and its concentration was determined with the
NanoDrop spectrophotometer.

Plasmid construction and the expression of human ACE2 ectodomain. The human ACE2 gene
was synthesized by the GeneArt Gene Synthesis service (Thermo Fisher Scientific), and the ectodomain
region (amino acid residue 1 to 614) was subcloned into the PCAGGS plasmid with His6 tag sequence.
Expression and purification of the human ACE2 ectodomain were done in the same way for spike ecto-
domain described above.

Enzyme-linked immunosorbent assay. Our earlier study (24) also describes the ELISA performed
herein; briefly, prefusion-stabilized spike protein as the antigen was added to the wells (at 100 or
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200 ng/well) of 96-well ELISA plates (Corning, New York, NY), followed by incubation for .12 h at 4°C.
Each well was then washed twice with PBS-0.1% Tween 20 (PBST) before reagents were added for the
subsequent steps.

The wells were incubated for 2 h at 4°C with blocking buffer (1% bovine serum albumin with PBST),
and then the selected antibody was reacted for 1 h at 37°C. Horseradish peroxidase (HRP)-conjugated
goat anti-human IgG (1:10,000 dilution, Abcam, Cambridge, MA) was used to detect bound antibodies,
and the reaction was continued for 1 h at 37°C. To start the enzyme reaction, we added ABTS solution
(Roche Diagnostics, Indianapolis, IN). After 40-min incubation in the dark at room temperature, we
stopped the reaction by adding 1.5% (wt/vol) oxalic acid dehydrate solution. As the final step, the opti-
cal density was measured at a wavelength of 405 nm (OD405) by a microplate photometer (Multiskan FC,
Thermo Fisher Scientific).

Viruses. BIKEN Innovative Vaccine Research Alliance Laboratories (Osaka, Japan) provided the SARS-CoV-
2 strain that contains the spike D614G mutation (DNA Data Bank of Japan [DDBJ]: accession no. LC644163),
and in the present study we refer to this strain as strain D614G. Japan’s National Institute of Infectious
Disease (Tokyo) provided the SARS-CoV-2 strains of the Pango lineage AY.122 (EPI_ISL_2158617), which we
used as the Delta variant; BA.1.18 (EPI_ISL_7418017), which we used as the Omicron BA.1 variant; BA.1.1
(EPI_ISL_7571618), which we used as the BA.1.1 variant; BA.2 (EPI_ISL_9595859), which we used as the BA.2
variant; BA.2.75 (EPI_ISL_13969765), which we used as the BA.2.75 variant; and BA.5 (EPI_13241867); BQ.1.1
(EPI_ISL_15579783), which we used as the BQ.1.1 variant; and XBB.1 (EPI_ISL_15669344), which we used as
the Omicron XBB.1 variant. We propagated the viruses by the infection of Vero E6 (TMPRSS2) cells in 2% FBS
containing DMEM (27) to create a stock of each virus (28).

Plaque reduction neutralization test. To conduct a plaque reduction neutralization test (PRNT)
and determine the neutralization percentage for each virus strain, we seeded Vero E6/TMPRSS2 cells
(2 � 105 cells/well) on 12-well plates (Corning) and cultivated them for 24 h with 5% CO2 at 37°C. The
cell monolayers were then washed one time with DMEM (without FBS). Each antibody diluted in DMEM
(without FBS) was mixed with 100 PFU of SARS-CoV-2 and incubated for 1 h at 37°C. We then added the
virus-antibody mixture to the Vero E6/TMPRSS2 cells and cultured for 1 h with 5% CO2 at 37°C. After
inoculum was removed, the infected cells were washed twice with PBS and incubated for 3 to 6 days at
37°C with 5% CO2 together with DMEM containing 2% FBS and 1.6% methylcellulose.

The culture medium was removed, and cells were washed twice with PBS and fixed with 80% metha-
nol for 1 h at room temperature. The remaining cells were stained with 1% crystal violet in 50% metha-
nol for the visualization of plaques, which were counted manually. The ratio of neutralization was
obtained by dividing the number of plaques obtained without the antibody by the number of plaques
obtained with the antibody.

Biolayer interferometry. The affinity between each antibody and spike protein was measured by biol-
ayer interferometry (BLI) with a BLItz Biolayer Interferometer System (Sartorius, Göettingen, Germany). The
streptavidin sensor was coated by Capture Select Biotin Anti-IgG-Fc (Multispecies) Conjugate (Thermo Fisher
Scientific) to capture the antibodies tested in this study. After each antibody was loaded on the sensor as the
ligand, the sensor was soaked in solution containing the RBD of each SARS-CoV-2 variant as the analyte. The
obtained kinetics data were fitted using standard equations of a BLI association and dissociation model
assuming a 1:1 interaction. Competition between ACE2 and the antibodies was assessed by comparing the
response for the BA.2 RBD and the BA.2 RBD/ACE2 mixture. At least two repeated measurements were per-
formed for all ligand-analyte combinations; representative data are presented.

Cryoelectron microscopy. The Fab domain of the antibody was prepared by papain digestion. The
antibody solution was mixed with an immobilized papain agarose (Thermo Fisher Scientific) supplemented
with 10 mM cysteine, and the pH was adjusted to approximately pH 7 by adding 1 M Tris-HCl, pH 8.8. After
incubation at 37°C for 48 h, the papain agarose was filtrated, and the Fc and uncleaved antibodies were
removed by passing through rProtein A Sepharose resin (Cytiva, Marlborough, MA). The complex of MO1 Fab
and BA.1 prefusion-stabilized spike ectodomain was purified by a Sephacryl S-300 HR column (Cytiva,
Marlborough, MA) equilibrated with the running buffer (20 mM Tris-HCl pH 8.0 and 150 mM sodium chloride)
using the ÄKTA pure system (Cytiva, Marlborough, MA). The purified complex was concentrated by ultrafiltra-
tion using an Amicon Ultra centrifugal filter (Sigma) with the molecular weight cutoff of 100,000 Da to
9.4 mg/mL. The sample was applied to a freshly glow-discharged Quantifoil holey carbon grid (R0.6/1.0, Cu,
300 mesh), using a Vitrobot Mark IV (FEI) at 8°C with a blot force of 15 and a blotting time of 4 s under 100%
humidity conditions, and then the grids were plunge-frozen in liquid ethane. The prepared grids were trans-
ferred to a CRYO ARM 300 (JEOL, Tokyo), running at 300 kV and equipped with a Cold Field Emission Gun, an
Omega-type in-column energy filter, and a Gatan K3 camera (Gatan AMETEK, CA USA) in a correlated double-
sampling, counting mode. Imaging was performed at a nominal magnification of �60,000, corresponding to
a calibrated pixel size of 0.752 Å/pix at the specimen (EM01CT at SPring-8). The incident electron beam was
set to parallel illumination condition with the dose rate of 10 e-/pix/s at the detector. Each exposure was
recorded as a movie of 50 frames for 2.26 sec with an accumulated dose of 50 e-/Å2 at the specimen. The
data were automatically collected by SerialEM ver. 4.0beta6 (Fig. S4A) (29) with custom scripts provided by
JEOL using a defocus range set at a range of 21.2 to 21.6 mm from the center of the image-shift matrix of
7 � 7 � 1 at each stage shift. The stage shift was refined by using the software yoneoLocr (30) at the center
of the hole. Movies of 6,174 were acquired and subjected to beam-induced motion correction, using RELION-
4.0-beta2 (31), and the contrast transfer function (CTF) parameters were estimated using CTFFIND4.1 (32).

Particles were picked using crYOLO ver. 1.8.2 (33) and extracted with a rescaled pixel size of 3.008 Å/pix
and a box size of 120. Image processing as described in detail below was performed with RELION-4.0-beta2.
Particles of 176,322 were divided into 6 groups and 1 of the subsets was subjected to two-dimensional classi-
fication with the VDAM algorithm and only good classes (rlnClassScore .0.295) (Fig. S4B) were selected for
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initial model building. Initial single models were built by RELION-4.0-beta2 for a single model with a circular
mask diameter of 270 Å and then aligned with C3 symmetry for further 3D image processing. All the particles
from subset 1 were subjected to 3D classification with 8 classes, and only good-looking classes showing 3
Fabs were selected. The selected good classes were subjected to the 3D autorefinement with the reference
model from one of the selected classes from the 3D classification with the circular mask diameter of 280 Å.
The rest of the subsets were then processed like the first subset, and the refined particles were joined and
extracted with an original pixel size of 0.752 Å/pix and Box size of 512. This particle set was subjected to 3D
autorefinement with a circular mask diameter of 320 Å to obtain the consensus map. A solvent mask was
generated for the consensus map and applied in postprocessing to obtain a sharpened map and to calculate
the gold-standard FSC. Then, the refined particles were subjected to 3D classification into 4 classes without
image alignment with a tau value of 30 to classify particles with small differences in conformation. One of
the classes showing distinct a difference in the angle of one of the Fabs in the horizontal position was
selected (conformation 2). Then, the rest of three that looked similar in terms of the horizontal Fab position
were subjected to further 3D classification into two classes (conformation 1 and 3). These three conforma-
tions of the horizontal Fab bound to the spike proteins are shown in Fig. S4C. Those three were subjected to
further refinement for CTF and beam aberration and a Bayesian polishing process. The final maps were
obtained with another round of beam aberration refinement only for BeamTilt and 3D auto refinement. The
resolution of each conformation was calculated with map sharpening (Fig. S4C), and the final maps of con-
formation 1, conformation 2, and conformation 3 are shown in Fig. S4C.

A cryo-EM map of conformation 2 was used for the atomic-model building of the MO1 Fab and BA.1
prefusion-stabilized spike ectodomain complex because of the clear visibility of residues near the interface
between MO1 and the BA.1 prefusion-stabilized spike ectodomain. The structure of the Omicron spike trimer
(PDBID: 7WPE; reference 34) for the BA.1 prefusion-stabilized spike ectodomain and the homology model
for the MO1 Fab constructed using the AlphaFold 2.2.0 (35) were first manually fitted into the map using
UCSF Chimera 1.15 (36) and then inspected and manually adjusted with Coot 0.9.8.1 (37). The complete
structure was refined with phenix.real_space_refine of PHENIX 1.20.1 (38) with geometric restraints for the
protein-NAG coordination. The statistics for all data collection and structural refinements are summarized in
Table S1. The software UCSF ChimeraX 1.3 (39) was used to make the molecular illustrations.

Data and materials availability. The cryo-EM map and coordinates have been deposited at the
Electron Microscopy Data Bank and Protein Data Bank with the following accession numbers: conforma-
tion 1 MO1-BA.1 prefusion-stabilized spike ectodomain, EMD-34469 and PDB 8H3M; conformation 2
MO1-BA.1 prefusion-stabilized spike ectodomain, EMD-34470 and PDB 8H3N; and conformation 3 BA.1
prefusion-stabilized spike ectodomain, EMD-34488.

Evaluation of toxicity and efficacy of monoclonal antibodies in vivo. Four-week-old male Syrian
hamsters were purchased from Japan SLC, Inc. Hamsters were allowed free access to food and water.
After 1 week of housing, monoclonal antibodies were administered intraperitoneally at a dose of 10 mg/
kg. SARS-CoV-2 Omicron BA.5 3 � 105 PFU was administered intranasally at a dose of 100mL under anes-
thetic conditions at 12 h after inoculation of the antibodies. The weights of the hamsters were measured
every day for up to 4 days postinfection. The animals were euthanized by loss of blood under anesthesia
conditions, and we collected lungs and nasal wash specimens. The lungs were cut and mashed with a
Biomasher II (Kanto Chemical Co., Inc.) and suspended in DMEM. After centrifugation at 100 � g, the
supernatants were collected as lung homogenates. Infectious virus titers of lung homogenates and nasal
wash specimens were evaluated by plaque formation assay with veroE6/TMPRSSII cells (Japanese Cancer
Research Resources Bank [JCRB]). Briefly, diluted samples were inoculated to confluent veroE6/TMPRSSII
cells on 6-well plates, and incubated at 37°C for 1 h for absorption. Then, the cells were washed with d-
PBS and layered with DMEM 1 1% SeaPlaque agarose (Lonza). After incubation for 3 days, the cells were
fixed with formalin and stained with crystal violet solution. Visible plaques were counted for the calcula-
tion of infectious virus titers.

Quantification and statistical analysis. All data for animal experiments are represented as means
6 SD or medians 6 95% confidence intervals (CI). Two-way ANOVA was used for the weight change
over time. One-way ANOVA was performed for the viral titers in the lung homogenates and nasal wash
specimens, and Tukey’s test was used for post hoc analysis. The value of limit of detection was applied
for statistical analyses for the samples below the limit. All analyses were performed using the GraphPad
Prism software (n.s., not significant: *, P, 0.05; **, P, 0.01; ***, P, 0.001; and ****, P, 0.0001).

Ethics statement. The Kobe University Graduate School of Medicine's Ethics Committee approved
the collection and use of the COVID-19 patients’ blood samples (approval code: B200200). The patients’
written informed consent for this use was obtained. All animal experimental protocols, including anes-
thesia conditions, endpoints for infection, and euthanasia methods, were reviewed and approved by the
Osaka University Animal Experiment Committee (approval no. R02-10-0).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2 MB.
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